Unidirectional waves are the waves propagating only in one direction and prohibited in opposite direction. This kind of waves can be surface waves realized by topological edge state or bulk waves in the media with time reversal and space inversion symmetry broken. Here, we introduce unidirectional waveguide modes in the periodic dielectric chain comprised of gyromagnetic rods.
Introduction
In conventional materials, light always propagates forward and backward at the same time because of the time reversal (T) symmetry or space inversion (I) symmetry of Maxwell equation [1] , the master equation for lights propagating in medium. To make the light propagation only in one direction but prohibited in opposite direction, the materials of the light undergoing are required with both T-and I-symmetry broken [2] . In this circumstance, unidirectional bulk waves may appear. The realization of those waves is proposed in man-made materials, such as gyrotropic multilayers [3] , and parity-time symmetry materials [4, 5] and magnetic PCs [6] . By design the configuration of the man-made materials, the unidirectional bulk wave can route even in a desired routine [7] . Another way to realize the one-way wave is the topological states in photonic crystals or metamateials [8] [9] [10] . That states are achieved through careful design of wavevector space topologies, which allow light to flow unidirectional at the interface of the materials and to go around large imperfections without back-reflection [11] [12] [13] . The one-way surface waves are first experimentally demonstrated in the microwave regime using gyromagnetic PCs [11] , where the one-way surface waves reside at the interface of a photonic topological insulator and its non-topological environment. Later, other ways to achieve one-way surface waves in non-magnetic photonic topological insulators are proposed, such as helical structures [14, 15] , efficient time-modulated systems [16, 17] , ring resonators [18] , photonic analogues of the spin and valley Hall effects [19] [20] [21] [22] [23] . Now, we will introduce unidirectional waveguide modes in periodic dielectric waveguides (PDWG). We show that waveguide is a one-way waveguide when its time-mirror symmetry is broken in addition to T-and I-symmetry broken. Making the PDWG with T-shaped ferrite rods, we illustrate the waveguide can support both unidirectional or bidirectional waves depends on the waveguide configuration. It is found that one-way waveguide modes may associated with the asymmetrical bulk states of the corresponding 2D magnetic PC. Further, the unidirectional guided wave is observed experimentally in magnetic PDWG composed by T-shaped rods. The one-way waveguide modes provide a new method to control the electromagnetic wave propagation and to create novel devices for abnormal applications. It also makes the one-way waveguide fabrication much easier and flexible. Considering a periodic dielectric chain made of inverted T-shaped ferrite rods in air background as displayed in the inset of Fig. 1(a) . The rods are lined along x-direction with period a. Suppose the ferrite rods are biased by a DC magnetic field along rods' axes that is defined as z-axis. In this case, the permeability of the rods is a tensor. At fully magnetized state, the tensor is written as [12] :
The elements of the tensor are, respectively, Since the bands is below the light corn, the corresponding electromagnetic modes will be localize modes or waveguide modes for which the electromagnetic waves will be concentrated in the chain and evanescent out of the chain. Thus, the chain resembles a waveguide, which is known as periodic dielectric waveguide [24] . One special in Fig. 1 In addition to the one-way waves, bidirectional waves can appear in the waveguide, which depends on the arrangement of the rods in the chain. For example, Fig. 1 (b) plots the dispersion curve of the waveguide when we rotate the T-shaped rods 90 with respect to the rod arrangement in Fig. 1(a) . In this case, the dispersion curve of the waveguide modes is symmetrical. As a result, the wave propagates bidirectional in the chain as displayed in Fig. 1(d) . That the feature of wave propagation characteristics can be tuned by the configuration of the waveguide provides a simple way to control the wave propagating. The unidirectional waveguide modes of the magnetic PDWG in above are different from that of one-way edge states, though they all show unidirectional wave characteristics [8, 9] . To clarify this distinction, we calculate the projected band diagram of full magnetic PC and compared with that of its slabs using supercell technique. The magnetic PDWG is the single chain limit of the slabs. At the single chain limitation, the slab has one band below the light line as displayed in Fig. 1(a) .
Differences of one-way waveguide modes to other types of one-way modes
Though the frequency span of waveguide modes changes as number of chain in the slab decreases, it is always within the frequency range of the energy bands of full magnetic PC. This further suggests the unidirectional waveguide modes may associated with the non-reciprocal bulk states of the magnetic PC [3, 6] , but it differs from the bulk states since the multiple chains may result in bidirectional waves in the waveguide as can be seen from the band diagram in Fig. 2(a) . The unidirectional or bidirectional waves in the magnetic PDWG can be explained by the symmetry of the rods. It is known that if the symmetry group G of a periodic structure includes a symmetry operation ĝ that changes the sign of the Bloch vector k , then the spectrum () k  of Bloch eigen-modes supported by the system will be reciprocal for this particular direction of k [26] . For magnetic systems, one has to be sure that the magnetic symmetry group G of the periodic structure does not include any operations that change the sign of the wave vector k , that is ĝk k  for any gG [26] . In our case, in addition to the time and inversion symmetry broken, it is needed to further break any other symmetry operations (including the combination of the symmetry operations) that map x-> -x. Since the T-shaped magnetic rods have certain mirror symmetry in x-and y-direction, the symmetry can affect the wave propagation in the waveguide. The symmetry analysis is also applied to the rod arrangement at other rotation angles. The rotation symmetry of the T-shaped rod is very close to that of triangle rod that is illustrated in red triangle in the figure. Therefore, we will further consider other two special cases at angles =30 and 60. At =30, Fig. 3 indicates the guided waves will be bidirectional; the symmetry operations of T and M change the direction of wave vector. However, at =60, the symmetry operations do not change the k-direction, therefore the waves will be unidirectional, However, the propagation direction will be opposite to the case of =0 since the T-shaped rod is approximately a mirror of the case =0. For the other cases, the guided waves in magnetic PDWG will be unidirectional. The field is mainly localized along the rods.
One
To illustrate the results of symmetry analysis, in Figs. 4(a)-(c) , we plot the dispersion curves of the waveguide in the normalize frequency range 0.35 to 0.39(c/a) at the angles =0, 30 and 60 degrees. At the angle =30 the dispersion curve is basically symmetry to the axis of k=0.5.
Therefore, the guided waves will be basically bidirectional in the waveguide. In contrast, at =60 the dispersion curves are asymmetry. However, the slop of the curve, the group velocity of the guided wave is in opposite sign of the case of =0(see Fig. 4(a) ) indicating the guided waves propagating unidirectional but in opposite directions.
We verified the wave propagation characteristics by full wave simulations. Figures 4(d)-(f) show the magnitude of power flow along the axis of the waveguide. The insets display the electric field distribution near the waveguide at the normalized frequency 0.372(c/a). In panels d and f, we see the power flow maintains constant in one direction but declines rapidly in opposite direction.
The corresponding field distribution in the inset intuitively shows the field is mainly localized in waveguide and decay out of it. For these two cases, however, the directions of power flow are opposite. In contrast, in panel e the guided wave is bi-directional; the waves propagate in both left and right directions. Experimentally, we fabricated T-shaped magnetic PDWG by ferrite material YIG. Figure 5(a) shows the PDWG sample in experimental setup. The period of the rods is a=12mm. In experiments, the sample was put in a parallel-plate waveguide with the same height of the rods and enclosed with absorbers. One probe was used to excite the guided waves, which was polarized perpendicular to the parallel plates. Another probe which was far away from the exiting probe was used to detect the field of the guided wave. Figures 5(b)-(f) plot the results of transmission measurements. We first measured the waveguide when the T-shaped rods at rotation angle =0. transmission is almost the same as backward transmission. This phenomenon is also observed in the case of =90, which is predicted in Fig. 1(d) . In these two cases the time and mirror symmetry operations on T-shaped rods change the direction of wave vector of the guided waves.
Experimental verification
At angle =60, the guided wave becomes unidirectional, but the transmission S12 is now much greater than S21 as shown in Fig. 5(e) . The result indicates the unidirectional waves propagating in the opposite direction of the case =0. All the experimental results are in good agreements with the results of theoretical calculation and the symmetry analysis. Our one-way waveguide mode can be used to design devices for controlling the EM wave motion. For example, the one-way waveguide can be used as an isolator when the waveguide works in unidirectional waveguide mode, or switcher or diode when waveguide can dynamically switches between the unidirectional mode and bi-directional mode.
Potential Applications
Here, we show the waveguide modes can be applied to generate vortex beam. The vortex beam with helical phase front carries orbital angular momentum (OAM) is considered to be an important technology in the significant fields, such as quantum communication [27] , super resolution imaging [28] , and spinning object detection [29] . OAM can be created by such as ring cavities, however the clockwise and counterclockwise eigen-modes would inevitably cause the corresponding waves travel in opposite directions. Thus the two waves interfere and may cancel each other. One strategy to overcome the cancellation is to use the unidirectional power flow inside the cavity [30, 31] . Following this line, we bend T-shaped rods chain into a circular ring as illustrated in Fig.6 (a) . At designated frequency, the ring waveguide functions as a ring cavity in which unidirectional power circulates. Due to the finite Q-factor of the ring cavity, the coupling between the cavity and out of it will generate vortex beam outside of the ring cavity. Figs. 6(b)-(c) show the phase and amplitude of first order vortex beam by simulations. In the simulation, ring cavity with a diameter of 68.7mm has a resonant frequency 10.2GHz. The figures show a phase distribution in a spiral shape and the intensity profile of doughnut shape, which are typical vortex beam characteristics. The continuous phase variation is ranging from -π to π along the azimuthal direction. The central blue region originates from the phase singularity at the center of the OAM vortex radiation. Our results provide a simple way of generating optical vortex using textual structure. By optimizing the design, this prototype should also be considered at telecommunication wavelengths though it is YIG material [32] . Such flexible design could open up truly large-scale applications opportunities.
Conclusion
In conclusion, we have studied non-reciprocal wave propagation in one-dimensional periodic dielectric waveguide comprised of gyromagnetic T-shaped rods. We show the guided waves in the PDWG can be unidirectional or bi-directional depended on the arrangement of magnetic rods. 
